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Abstract
A prototypical organic photovoltaic material is a heterojunction composed of the
blend of regioregular poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM). Microscopic understanding of the energy conversion mechanism
in this system involves the relationship between the electronic structure and the atom-
istic geometry of P3HT:PCBM interfaces. In this work, the effect of the number of
P3HT layers on the electronic structure of the P3HT:PCBM interface is studied by
means of first-principles GW . We apply the substrate screening approach to accelerate
such calculations and to better understand the many-body dielectric screening at the
interface. The quasiparticle band gap of the entire interface is found to decrease as the
number of P3HT layers increases. The gaps of the individual components of the inter-
face are found to be smaller than their isolated counterparts, with strong dependence on
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the number of P3HT layers. Importantly, when comparing the system of P3HT:PCBM
- where a single interface is present - and the system of P3HT:PCBM:P3HT, where
an interface is formed on either side of PCBM, we find that the two systems exhibit
very different quasiparticle energy level alignments. We discuss possible implications
of our findings in related experiments. The observed trends in layer-dependent quasi-
particle electronic structure of P3HT:PCBM interfaces provide computational insight
into energy conversion pathways in these materials.
Introduction
Organic photovoltaic materials have received tremendous attention over the past two decades
owing to the fact that they are durable1, flexible1, inexpensive2, and highly scalable.3,4
Among these materials, bulk heterostructures formed from the blend of regioregular poly(3-
hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methylester (PCBM) are widely
studied5–8 due to their excellent stability9 and ease of synthesis2. In recent years, sev-
eral experimental and theoretical efforts have been made to improve the energy conversion
efficiency in P3HT:PCBM blends4,10 and understand underlying mechanisms in such het-
erostructures.11 For the latter, an accurate description of the electronic structure at the
heterogeneous interface is a pre-requisite.6,12 However, unambiguous experimental determi-
nation of the electronic structure of the individual interfaces in such disordered systems is
challenging,13 due to a high degree of structural variation14 in the interpenetrating networks
formed between the PCBM and P3HT. As a result, the experimentally determined electronic
structure is often an ensemble average of different conformers. In particular, the dependence
of the electronic structure on the number of P3HT layers is typically averaged in experi-
ments, and a detailed, quantitative study on the effect of substrate thickness and placement
is missing. The lack of definitive structure-property relationships hinders detailed studies of
excitonic energy conversion mechanisms such as exciton generation,15 diffusion,16 and disso-
ciation,17 most of which happen near or at the heterogeneous interface.18 Such processes are
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expected to strongly depend on non-local dielectric screening effects at the interface. There-
fore, there is a strong need for accurate characterizations of the electronic structure and
excitations for conformers of well-defined geometry, as well as quantitative descriptions of
the effect of substrate thickness and placement on the interface-related dielectric properties
in such complex materials.
First-principles calculations can provide insights into structure-property relationships,
complimentary to experimental techniques. In such calculations, representative structures
and interfaces can be singled out from the complex interpenetrating network in the P3HT:PCBM
blend, such that their electronic structure can be studied for each configuration with well-
defined atomistic geometry and fixed thickness of the substrate. Such information provides
guidance for microscopic understanding of the actual complex material. Several theoret-
ical approaches have been used to describe the electronic structure of the P3HT:PCBM
heterostructure,11,19–21 many of which are based on density functional theory (DFT).22,23
Although common DFT functionals yield good estimate of the binding energies and ge-
ometries,24 they typically underestimate the quasiparticle gaps of molecules and semicon-
ductors25–27 as well as the energy level alignments at heterogeneous interfaces.28 A reliable
treatment of the quasiparticle excitations is using the GW formalism29,30 within the many-
body perturbation theory (MBPT). In Ref. 31, the band structure and optical properties of
the P3HT:PCBM:P3HT junction were studied using GW and the Bethe-Salpeter equation
(BSE), particularly focusing on their dependence on the PCBM orientation at the interface.
Although charge-transfer excitations in donor-acceptor pairs involving fullerenes were pre-
viously studied using the GW -BSE approach,32,33 to the best of our knowledge, Ref. 31 is
the only GW -BSE study of the P3HT:PCBM system in the literature. However, a detailed
understanding of the many-body screening effect and gap renormalization at the interface is
lacking, and the interfacial electronic structure dependence on the thickness or placement of
the P3HT layers around the PCBM molecule is still an open question, impeding a compre-
hensive connection between the quasiparticle properties and the atomistic structure at the
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interface.
In this work, we focus on the many-body effects of the heterogeneous interface by quanti-
tatively describing the gap renormalization of both the adsorbate (PCBM) and the substrate
(P3HT). For the adsorbate, such gap renormalization has been well-understood for the case
of molecule-metal interfaces in terms of the “image-charge” effect.28,34–36 Here, we show ex-
plicitly that at a molecule-semiconductor interface such as the P3HT:PCBM, the adsorbate
and the substrate can mutually screen each other, giving rise to gap renormalization on both
sides of the interface compared to the isolated components. To achieve this goal, we perform
first-principles GW calculations on the geometry that is found to be energetically most stable
(flat-lying31) for PCBM on few-layer P3HT. We explore the effect of varying P3HT layers,
and compare the system of P3HT:PCBM and the system of P3HT:PCBM:P3HT, to further
unveil how the many-body screening of PCBM is drastically affected by the different place-
ments of P3HT layers. We focus specifically on how the valence band maximum (VBM) and
the conduction band minimum (CBM) of P3HT are aligned at the interface with the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the
PCBM, i.e., the so-called level alignment. We apply the substrate screening GW approach
recently developed in Ref. 37, which allows the GW calculation of such complex interfaces
at a greatly reduced computational cost. This approach assumes that the non-interacting
Kohn-Sham (KS) polarizability of the interface can be approximated as the sum of the po-
larizabilities of the isolated substrate and that of the isolated adsorbate.37–39 Physically, this
assumption is valid for weakly coupled systems with negligible orbital hybridization such as
the P3HT:PCBM interfaces studied here. This assumption is numerically verified in this
work via a comparison to direct GW calculation of the one-layer P3HT:PCBM interface.
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Computational Methods
Modeling and Geometry Optimizations
We first construct interface supercells containing one PCBM molecule adsorbed on one, two,
three, and four layers P3HT, respectively. We denote these systems by (P3HT)n:PCBM,
where n is the number of substrate layers. Each P3HT layer consists of one linear polymer
with four thiophene rings along the backbone (the x direction, see Fig. 1) in the periodic
supercell. Our modeling of (P3HT)n:PCBM includes vacuum along the out-of-plane direc-
tion, where the supercell size is 15.0 A˚ along the y and 30.0 A˚ along the z direction (the
surface normal). This setting provides one clear interface between P3HT and PCBM. As a
comparison, we also construct an interface supercell containing one P3HT layer on each side
of the PCBM molecule [see Fig. 1(e)], which we denote by (P3HT)1:PCBM:(P3HT)1. This
setting provides two interfaces formed between P3HT and PCBM and therefore there is no
need to use vacuum, similar to the system studied in Ref. 31.
The geometry optimizations are performed using DFT as implemented in the Quantum
Figure 1: Optimized structures of the interface systems. (a) (P3HT)1:PCBM,
(b) (P3HT)2:PCBM, (c) (P3HT)3:PCBM, (d) (P3HT)4:PCBM, and (e)
(P3HT)1:PCBM:(P3HT)1. The thick borders represent periodic boundary conditions.
Interface simulation cells of (a) - (d) have a dimension of 15.94 A˚×15.0 A˚×30.0 A˚, while
the interface simulation cell of (e) has a dimension of 15.94 A˚×15.0 A˚×17.17 A˚. Color code:
C - brown, S - yellow, O - red, H - pink. This figure is rendered using VESTA.40
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ESPRESSO package41. The optimized norm-conserving Vanderbilt (ONCV) pseudopoten-
tials42,43 are used in all calculations. We first optimize the primitive unit cell of the one-
layer P3HT polymer containing two thiophene rings along the backbone. We fully relax
both the lattice constant along x and the internal coordinates of all atoms using the Perdew-
Burke-Ernzerhof (PBE) functional,44 a k-mesh of 6×3×1, and an energy cutoff of 90 Ry.
The resulting lattice parameter along x is 7.97 A˚. Multi-layer P3HT primitive unit cells are
modeled by placing additional layer(s) below the top layer. In order to capture the weak
interactions between the layers, all internal coordinates in the multi-layer P3HT unit cells
are fully relaxed using the vdw-DF-cx functional45 with an energy cutoff of 60 Ry until the
residual forces are below 0.05 eV/A˚, while keeping the lattice parameters along the in-plane
directions the same as that of one-layer P3HT. The resulting distance between two neigh-
boring P3HT layers is about 4.0 A˚. The optimized unitcells are then used to build 2×1×1
interface supercells to accommodate one PCBM molecule.
For the (P3HT)n:PCBM interfaces, we adopt the “flat-lying” geometry
31 of the PCBM
on the substrate (see Fig. 1), with the coordinates of the PCBM molecule fully relaxed. The
substrate coordinates are kept fixed in their relaxed positions, to ensure that the subsequent
KS polarizability folding is exact. Again, in order to capture the weak interactions at the
P3HT:PCBM interface, the vdw-DF-cx functional45 is used together with a k-mesh of 3×3×1
and an energy cutoff of 60 Ry until all residual forces are below 0.05 eV/A˚. The relaxed
adsorption height is about 3.0 A˚ (measured between the bottom of the fullerene ring and the
carbon backbone in P3HT) for all interfaces in this work. The optimized (P3HT)n:PCBM
interface structures are shown in Fig. 1(a)-(d). For the (P3HT)1:PCBM:(P3HT)1, we start
with the relaxed (P3HT)2:PCBM and decrease the amount of vacuum until the distances
between the PCBM and both P3HT layers become about the same (3.0 A˚). This interface
structure is shown in Fig. 1(e).
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GW Calculations with Substrate Screening
Due to the large system size and the computational cost of standard GW calculations, we
use the substrate screening method37 for (P3HT)n:PCBM, and validate it by comparing the
results to a direct GW calculation of the entire (P3HT)1:PCBM interface. All polarizability
and self-energy calculations are performed using the BerkeleyGW package,46 at the G0W0
level. For (P3HT)1:PCBM:(P3HT)1, we only perform a direct GW calculation due to the
relatively small system size.
To use the substrate screening method as developed in Ref. 37, the KS polarizability of
the substrate unit cell needs to be calculated and then folded in the reciprocal space to that
of the supercell. We use a q-mesh of 6×3×1 and a 5 Ry dielectric cutoff and a summation
of 4900 bands in the calculation of the KS polarizability of the substrate unit cell. A “q-
shifted-grid” wavefunction, WFNq, required in the polarizability calculations to evaluate the
limit of q → 0, includes 200 bands for one-, two-, and three-layer P3HT and 300 bands for
four-layer P3HT. We then fold this quantity in the reciprocal space to generate the substrate
polarizability in the 2×1×1 supercell that is equivalent to the interface simulation cell.
The substrate screening method also requires the calculation of the adsorbate polarizabil-
ity in a simulation cell that has the same dimensions in xy as the interface, but with a much
smaller size along the z direction, referred to as “small-z” cell in Ref. 37. A length of 15 A˚ -
half the size of the interface simulation cell - is used in this adsorbate “small-z” cell. We use
a q-mesh of 3×3×1, a 5 Ry dielectric cutoff, and a summation of 4900 bands to calculate
the adsorbate polarizability in the “small-z” cell. The “q-shifted-grid” wavefunction, WFNq,
includes 200 bands. We then use the real-space mapping procedure of Ref. 37 to obtain the
adsorbate polarizability in the simulation cell of the interface.
Once the substrate and adsorbate polarizabilities are obtained, we add these two quan-
tities for each q point to approximate the polarizability of the interface. We then calculate
the dielectric matrix of the interface followed by standard self-energy calculations. The semi-
conductor screening46 and slab Coulomb truncation47 are used for both dielectric function
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and self-energy calculations. For the interface, we have checked that a 5 Ry dielectric cutoff
and 9800 bands converge the self-energies (which corresponds to 4900 bands in both the
substrate primitive unit cell and the adsorbate “small-z” cell). The self-energy is calculated
based on the generalized plasmon pole (GPP)30 model of the dielectric function as well as
the static remainder.48
Results and Discussion
P3HT Substrate
We first show the GW results for the multi-layer P3HT substrates calculated in their primi-
tive unit cells, focusing on how the VBM-CBM gap is affected by the number of layers. We
denote the systems by (P3HT)n, with n the number of layers. The (P3HT)n is periodic along
the x direction, so the bands are dispersive only along x, and therefore we only consider the
gap along the x direction in the Brillouin zone. In our modeling, these primitive unit cells
have the same size along y and z directions as those interface systems shown in Fig. 1(a)-(d).
Fig. 2 shows the band structure of (P3HT)1, using PBE (gray) and GW (blue), with the
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Figure 2: Band structure of (P3HT)1, from PBE (gray) and GW (blue). The VBM from
both methods are aligned and set to be zero. The bands are dispersive only along the x
direction. Only those bands between VBM-4 and CBM+4 are shown.
8
Table 1: Gaps between the VBM and the CBM at different k points along the x direction
in the reciprocal space, for (P3HT)n unit cells consisting of different number of layers. a is
the lattice constant along the periodic direction. All gaps are in eV and are calculated at
the GW level.
kx 0 (Γ) pi/3a 2pi/3a pi/a
(P3HT)1 2.93 3.90 5.56 7.21
(P3HT)2 2.28 3.22 4.83 6.48
(P3HT)3 1.98 2.89 4.49 6.14
(P3HT)4 1.87 2.75 4.33 5.98
VBM from both methods aligned and set to be zero. One can see that GW greatly opens
the PBE gap, while preserving the qualitative features of all PBE bands. The top valence
band and the bottom conduction band are slightly more “curved” in GW than their PBE
counterparts, consistent with other materials.49 Table 1 shows the gap as a function of kx
for (P3HT)n, from the Γ point to the edge of the Brillouin zone kx = pi/a with a being the
lattice constant along x (7.97 A˚).
The PBE gaps for (P3HT)n with n=1, 2, 3, and 4 are 1.07 eV, 0.75 eV, 0.62 eV, and
0.62 eV, respectively, at the Γ point. In Table 1, we see that GW significantly opens the
PBE gaps, as expected. P3HT is a direct-gap semiconductor regardless of the number of
layers, and the band gap is found at the Γ point. This is consistent with Ref. 50. We
notice that as the number of layers increases, the GW gaps decrease more rapidly than the
PBE gaps, due to the many-body screening effect between adjacent layers. This screening
is similar in nature to that in a molecular crystal, whose gap is smaller than an isolated
molecule.51,52 The GW gap difference between the one-layer and four-layer P3HT is more
than 1 eV across the Brillouin zone, suggesting that changing the thickness of this material
is an effective way to tune its electronic structure. Additionally, the gap difference between
the three-layer and the four-layer P3HT is only about 0.1 - 0.15 eV across the Brillouin zone.
Notably, the gap difference across the series is not prominent from the PBE results without
applying GW corrections, due to the missing of non-local correlations in PBE. We can infer
from this result that addition of more layers will only marginally further reduce the gap,
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suggesting that we are approaching the semi-infinite limit for the substrate surface with four
P3HT layers. Our calculated band gap for the (P3HT)4 at the Γ point (1.87 eV) is in good
agreement with other calculations in Ref. 31 (1.99 eV) and experimental measurements (1.9
eV).53–55 These gaps of the isolated multi-layer P3HT will be compared to the P3HT gaps
in the interfaces below, and the difference will be attributed to the dielectric screening effect
due to the PCBM, a point to be elaborated later.
We note in passing that with the computational convergence parameters used, namely
the energy cutoff and the number of empty bands in the dielectric function, the absolute
values of the VBM and CBM energies measured with respect to the vacuum may not be
fully converged (therefore we do not include them in Table 1), but we have checked that the
VBM-CBM gaps are converged within 0.05 eV with respect to the dielectric cutoff used in
the GW calculations.
PCBM Adsorbate
Based on the substrate screening approach as detailed in Ref. 37, we perform GW calculation
of the PCBM in a “small-z” simulation cell, with the same size along the in-plane directions
and half the size along the z direction of the interface simulation cell. For a meaningful com-
parison between the PCBM adsorbate and the P3HT:PCBM interfaces, we fix the geometry
of the molecule in the PCBM calculation as that relaxed in the (P3HT)n:PCBM interfaces.
We have checked that the PCBM molecular geometry is largely independent of the number
of P3HT layers. The GW gap between the HOMO and the LUMO is calculated to be 4.12
eV, while the PBE gap is 1.51 eV. The bands are essentially dispersionless so we use the term
“molecular orbital” when mentioning levels associated with PCBM. As a comparison, we also
computed the PCBM molecule in the interface simulation cell (i.e. “large-z”), which results
in a GW gap of 4.18 eV. Hence, the use of the “small-z” cell does not significantly change
the quality of the GW results, but is central in greatly reducing the computational cost.
We emphasize that although these calculations only involve the PCBM molecule, we use
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periodic boundary conditions along all directions as well as the slab Coulomb truncation,47
to be consistent with the interface calculations in order to facilitate meaningful comparisons.
Physically, this means that we consider a periodic monolayer instead of an isolated molecule.
The computed GW gap for the PCBM molecule quantitatively agrees with the result
in Ref. 56, which also employed the GW approach for this molecule. In the literature, the
PCBM gap is usually claimed to be around 2 - 2.5 eV.54,57,58 We point out that this value is
likely the gap exhibited in the P3HT:PCBM heterojunction, where the many-body screening
significantly reduces its gap compared to the isolated molecule. This value therefore largely
depends on the dielectric environment that the PCBM molecule “feels”, an important point
we elaborate on below. We again note in passing that with the convergence parameters used,
the absolute values of the HOMO and LUMO measured with respect to vacuum may not
be fully converged, but we have checked that the HOMO-LUMO gap is indeed converged
within 0.05 eV with respect to the dielectric cutoff used in the GW calculations.
P3HT:PCBM Interfaces
To understand how the P3HT levels and PCBM levels are aligned at the heterogeneous
(P3HT)n:PCBM interface, we first need to assign interface frontier orbitals as either (P3HT)n
or PCBM orbitals, where n=1, 2, 3, and 4. Although one can easily do so by visualizing
the shape and localization of interface orbitals, we decide to proceed with a quantitative ap-
proach. For each system, we expand isolated (P3HT)n or PCBM orbitals in the basis of inter-
face orbitals: ψi =
∑
µCiµφ
interface
µ . Here, ψi is one of the following: (P3HT)n VBM, (P3HT)n
CBM, PCBM HOMO, or PCBM LUMO; φinterfaceµ are the orbitals of the (P3HT)n:PCBM
interface. All the orbitals involved in this expansion are PBE KS orbitals. Since the G0W0
calculations do not change the nature of the orbitals,30 the orbital assignments we conclude
here carry forward to GW results. When the expansion coefficient |Ciµ|2 is close to unity
(indeed the case in this work), the interface orbital φµ is quantitatively very similar to ψi,
a frontier orbital of the isolated (P3HT)n or PCBM that we are expanding. Therefore,
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Table 2: Identification of P3HT and PCBM frontier orbitals in the (P3HT)1:PCBM in-
terface system, calculated at the Γ point. This is achieved via assignment of interface
orbitals as either substrate or adsorbate orbitals when the expansion coefficient |Ciµ|2 is
close to unity for a given interface orbital φµ. For (P3HT)n:PCBM with n > 2 as well as
(P3HT)1:PCBM:(P3HT)1, see Supporting Information.
interface orbital |Ciµ|2
P3HT VBM VBM 0.989
P3HT CBM CBM+3 0.902
PCBM HOMO VBM-1 0.995
PCBM LUMO CBM 0.981
ψinterfaceµ physically originates from and can be assigned as one of the frontier orbitals of the
isolated (P3HT)n or PCBM. The same analysis applies to (P3HT)1:PCBM:(P3HT)1, where
the substrate is taken to be (P3HT)2.
Table 2 shows the assignment of (P3HT)1:PCBM interface orbitals as either P3HT or
PCBM orbitals, at the Γ point. Results for other k points are very similar, given the fact
that the PCBM is dispersionless. For instance, at kx = 2pi/3a with a the lattice constant
of the interface simulation cell along the periodic direction, the scenario is only different
from Table 2 in that (P3HT)1 CBM corresponds to CBM+4 in the interface. Results for
(P3HT)n:PCBM interfaces with n > 2 as well as (P3HT)1:PCBM:(P3HT)1 are shown in the
Supporting Information.
From Table 2, we conclude that the (P3HT)1:PCBM interface is a “type-II” heterojunc-
tion59 with staggered band gap: the VBM of the interface is localized on the substrate
(P3HT), while the CBM of the interface is localized on the adsorbate (PCBM). Increas-
ing the number of P3HT layers does not qualitatively change this feature (see Supporting
Information), which is true at both PBE and GW levels. The “type-II” heterojunction is
the ground for interfacial exciton dissociation and photovoltaic applications:60 both P3HT
and PCBM can absorb photons to produce excitons and the staggered band gap at the in-
terface then facilitates the electron (hole) to transfer from LUMO (HOMO) on one side of
the interface to the other, forming charge-transfer excitons across the P3HT:PCBM inter-
face.57 Our predictive GW calculations of the level alignment at the interface therefore offer
12
a quantitative understanding of such charge-transfer mechanisms.
The level alignment diagram (at both PBE and GW computational levels) at the Γ point
for the (P3HT)1:PCBM interface system is shown in Fig. 3, and the level alignment diagrams
for (P3HT)n:PCBM with n > 2 are shown in the Supporting Information. Since the P3HT
is a direct-gap semiconductor with the gap at the Γ point and PCBM is dispersionless, the
interfacial electronic structure is most important at the Γ point. We therefore only show and
discuss the results for the interface at the Γ point in this work, although the calculations do
involve a k-point sampling. We use the substrate screening approach37 as discussed in the
Computational Methods section for interface electronic structure at the GW level, which is
compared to that of the isolated (P3HT)n and isolated PCBM.
Fig. 3 clearly shows that this interface is a “type-II” heterojunction. We align the vacuum
level (the dotted line) of the isolated P3HT with the vacuum level of the interface on the
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Figure 3: Energy level alignment at the Γ point for the interface formed between PCBM
and one-layer P3HT [as shown in Fig. 1(a)]. Blue (red) lines indicate frontier energy levels
of the isolated P3HT (PCBM) or the interface energy levels that are localized on P3HT
(PCBM), with the latter discussed in Table 2. Blue arrows indicate the VBM-CBM band
gaps of P3HT; red arrows indicate the HOMO-LUMO gaps of PCBM; and the black arrow
indicates the fundamental gap of the interface system. Solid lines are from GW and dashed
lines are from PBE. Vacuum levels on both sides of the interface are shown using dotted
black lines. We align the isolated P3HT or PCBM energy levels with their corresponding
interface energy levels at the respective vacuum. The vacuum level difference across the
interface is a reflection of the interface dipole. All energies are in eV.
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P3HT side. Similarly, we align the vacuum level of the isolated PCBM with the vacuum
level of the interface on the PCBM side, which is set to be zero in Fig. 3. The difference
in the vacuum level across the interface is related to the interface dipole. Dashed lines are
PBE energy levels and solid lines are GW energy levels. At the interface, the fundamental
gap (the black arrow) is between P3HT VBM and PCBM LUMO, and PBE significantly
underestimates this gap compared to GW (0.16 eV compared to 2.09 eV). Both the P3HT
gap (the blue arrow) and the PCBM gap (the red arrow) are smaller at the interface than
their isolated counterparts, suggesting that at such a molecule-semiconductor interface, both
components could effectively screen the Coulomb interactions within the other component
of the interface, resulting in gap renormalizations at both sides of the interface. This fact
is qualitatively different from the molecule-metal interfaces,28,34 where only the metallic
substrate effectively screens the Coulomb interaction within the molecule and renormalizes
its gap.
Importantly, what makes the level alignment picture at a molecule-semiconductor inter-
face more complicated than that at a molecule-metal interface is the following: not only
the fundamental gap of the interface and the adsorbate gap are important, but also how
the adsorbate HOMO (LUMO) aligns with substrate VBM (CBM) is useful information.
The latter is especially true when the interface is a “type-II” heterojunction such as the
P3HT:PCBM considered here, because it is the driving force for the hole (electron) transfer
barrier across the interface.61 Because of the complex picture of the level alignment, GW
results are essential in quantitative understanding of the interfacial electronic structure, and
the substrate screening approach developed in Ref. 37 proves to be a powerful tool for large
interface systems, as we show in this paper.
In Table 3, we summarize the level alignment results at the Γ point for all systems we
study in this work. One can see that for (P3HT)n:PCBM, as the number of P3HT layers
increases, the interface gap, P3HT gap, and PCBM gap all decrease, due to enhanced many-
body screening effect. Compared to the isolated substrate results in Table 1, the P3HT
14
Table 3: Main gaps at the Γ point for the different interface systems studied in this work.
The “gap” is the fundamental gap at the interface, between P3HT VBM and PCBM LUMO,
denoted by the black arrow in Fig. 3. P3HT (PCBM) gap is the VBM-CBM (HOMO-
LUMO) gap within the interface system, smaller than that of the isolated P3HT (PCBM)
counterpart, which is denoted by the blue (red) arrow in Fig. 3. ∆LL (∆HH) is the gap
between P3HT CBM (VBM) and PCBM LUMO (HOMO) and is numerically the difference
between the “gap” and the P3HT (PCBM) gap, useful for understanding the electron (hole)
transfer across a “type-II” heterojunction. All values are in eV and are from GW results.
gap P3HT gap PCBM gap ∆LL ∆HH
(P3HT)1:PCBM 2.09 2.66 3.65 0.57 1.56
(P3HT)2:PCBM 1.79 2.04 3.48 0.25 1.69
(P3HT)3:PCBM 1.69 1.78 3.42 0.09 1.73
(P3HT)4:PCBM 1.59 1.64 3.37 0.05 1.78
(P3HT)1:PCBM:(P3HT)1 1.30 2.06 2.52 0.76 1.22
gaps at the interface decrease by about 0.2-0.25 eV for all systems, because the adsorbate
effect is similar across the series. Compared to the isolated adsorbate, the PCBM gap at
the interface decreases by 0.53 eV, 0.70 eV, 0.76 eV, and 0.81 eV, respectively, across the
series. This is because the many-body screening for the adsorbate becomes stronger when
the substrate becomes thicker. The gap between P3HT CBM and PCBM LUMO (∆LL in
Table 3) becomes nearly zero for (P3HT)4:PCBM, suggesting that a charge-transfer exciton
across the interface is energetically similar to an exciton localized on the P3HT side. From
the numerical trend, we also conclude that the electronic structure of the (P3HT)4:PCBM
interface is close to that of bulk P3HT:PCBM, i.e., (P3HT)n:PCBM with n→∞.
Comparing (P3HT)2:PCBM and (P3HT)1:PCBM:(P3HT)1 in Table 3 is especially in-
structive. In both systems there is one PCBM molecule and two layers of P3HT. The
difference is that in the former, one P3HT:PCBM interface is formed [Fig. 1(b)]; and in
the latter, two P3HT:PCBM interfaces are formed, one on either side of PCBM [Fig. 1(e)].
To better illustrate their difference in the interface electronic structure, we compare their
level alignment diagrams in Fig. 4. PBE results (dashed lines) are similar due to missing of
long-range correlation effect, but GW results (solid lines) differ significantly due to different
dielectric environments around the PCBM molecule. The fundamental gaps (black arrows)
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Figure 4: Comparison of interface energy level alignment diagrams for (P3HT)2:PCBM
and (P3HT)1:PCBM:(P3HT)1. Blue (red) lines indicate the interface energy levels that
are localized on P3HT (PCBM). Blue arrows indicate the VBM-CBM band gap of P3HT;
red arrows indicate the HOMO-LUMO gap of PCBM; and the black arrows indicate the
fundamental gaps of the interface systems. Solid lines are from GW and dashed lines are
from PBE.
of the two systems differ by about 0.5 eV. Furthermore, the PCBM gap is about 1 eV smaller
in (P3HT)1:PCBM:(P3HT)1 than in (P3HT)2:PCBM, due to enhanced many-body screen-
ing arising from interfaces on both sides of the PCBM. As a result, the difference between
P3HT CBM and PCBM LUMO, ∆LL, is 0.76 eV in (P3HT)1:PCBM:(P3HT)1, compared
to 0.25 eV in (P3HT)2:PCBM. ∆LL is usually reported to be about 0.7 eV in the litera-
ture,54,57,58 suggesting that interpenetrating structures similar to (P3HT)1:PCBM:(P3HT)1
are more prevalent in experiments, where the bulky PCBM molecule may even form more
than two interfaces with P3HT. However, lower ∆LL could favor faster exciton dissociation
since ∆LL is phenomenologically the charge transfer barrier across the interface.
62 Our re-
sults here indicate that by carefully designing the placement of P3HT layers around PCBM,
one can effectively tune the magnitude of ∆LL. For instance, if the blend system can be
fabricated such that the PCBM only forms an interface with P3HT on one side, with the
other side filled with certain low-dielectric materials [mimicking the vacuum in our model-
ing of (P3HT)n:PCBM], then the ∆LL can be significantly reduced compared to the regular
interpenetrating network, a possibility that may be of interest for experimental verification.
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Comparison of Different GW -based Methods
Table 4: Comparison of results from different GW -based approaches, for (P3HT)1:PCBM.
∆HOMO is the GW self-energy correction to the PBE HOMO of PCBM. ∆LUMO is the GW
self-energy correction to the PBE LUMO of PCBM. ∆gap = ∆HOMO + ∆LUMO. For details,
see text. All values are in eV.
∆HOMO ∆LUMO ∆gap
(1) Direct GW 0.95 1.17 2.12
(2) Substrate screening 0.92 1.21 2.13
(3) Projection GW 0.98 1.15 2.13
(4) Embedding GW 0.96 1.17 2.13
Finally, we briefly compare different levels of GW -based approximations for the adsor-
bate, using (P3HT)1:PCBM as an example. The purpose is to validate new computational
methods using complex systems such as those studied in this work. Such comparison will
also benefit future computational method development. Table 4 shows the results from four
different GW -based approaches: (1) direct GW calculation of the interface; (2) substrate
screening GW , which is used for all (P3HT)n:PCBM systems reported in Table 3; (3) pro-
jection GW for the adsorbate, as developed in Refs. 63 and 64. This approach computes
〈φi |Σ [GtotW tot]|φi〉, where Gtot and W tot are the Green’s function and screened Coulomb
interaction for the combined interface, respectively; and (4) dielectric embedding GW , as de-
veloped in Ref. 65. This approach computes
〈
φi
∣∣Σ [GadW tot]∣∣φi〉, where Gad is the Green’s
function of the PCBM adsorbate and W tot is the screened Coulomb interaction for the com-
bined interface. In both (3) and (4), φi is either PCBM HOMO or LUMO and the self-energy
calculation is performed in a simulation cell that is the same size as the interface but con-
tains just the PCBM. Ref. 37 showed that (2) and (1) yield very similar results and Ref.
65 showed that (4) and (3) yield very similar results, for molecule-metal interfaces. Here we
demonstrate that the same conclusion holds for a complex molecule-semiconductor interface,
and all methods agree within about 0.05 eV for GW corrections to individual PBE energy
levels of the adsorbate. These results provide additional evidence for the reliability of the
methods that we developed in Refs. 37,65, and serve as the first step for future method
17
development on efficient BSE calculations of the interface.
Conclusions
In this work, we used GW -based approaches to quantitatively study the electronic structure
of (P3HT)n:PCBM (n = 1, 2, 3, and 4) and (P3HT)1:PCBM:(P3HT)1 heterostructures. We
focused on how the number of P3HT layers affects the energy level alignment at the interface,
as well as a direct comparison between (P3HT)2:PCBM and (P3HT)1:PCBM:(P3HT)1. We
quantitatively determined the energy level alignment of the “type-II” heterostructures, and
showed that the electronic structure can be effectively tuned by the thickness of P3HT layers
and different placements of the P3HT layers around PCBM. Our results showed that the sub-
strate and the adsorbate simultaneously screen the Coulomb interaction within each other,
resulting in smaller gaps at the interface compared to their respective isolated phases. We
used the substrate screening GW approach for the heterogeneous interfaces, which is as accu-
rate as the direct GW but is more computationally affordable, showing that this approach is
promising in treating complex interface systems. Our results provide computational insights
into understanding of such complex heterostructures by unveiling unambiguous structure-
property relationships and highlighting many-body screening effects at the interface.
Supporting Information Description
Tables showing the identification of interface orbitals as P3HT or PCBM frontier orbitals,
as well as figures showing the energy level diagrams for (P3HT)n:PCBM with n > 2 and
(P3HT)1:PCBM:(P3HT)1.
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